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' I ^HE application of the microwave technique to 
spectroscopy has greatly increased the ac- 
: curacy of spectroscopic measurements.^ Recent ex- 
periments on the spectrum of hydrogen and other 
simple elements have revealed that the results are 
not exactly in agreement with our fundamental 
theories of the mechanics of the electron within 
the atom. Small deviations were found in checking 
the values of the energy levels in hydrogen given 
by the Sommerfeld formula. 1 The measured value 
of the magnetic moment of the electron deviated 
by about 1 in 1000 from the value given by Dirac's 
fundamental equation of the electron. 1 

These experimental findings led to a reinvestiga- 
tion of the theory, and especially of its weakest 
point — the interaction of the electron with radia- 
tion. This interaction was treated by a theory named 
/'quantum electrodynamics" which, since its. in- 
ception by Dirac in 1926, suffered from some in- 
ternal inconsistencies connected with the old prob- 
lem of the internal structure of the electron. These 
"inconsistencies make it impdssible in this theory to ' 
calculate radiation phenomena in a rigorous way. 

In the last years, however, some theoretical work 
.has been carried out* -in . ah. attempt to isolate the 
unsolved problems an£ inconsistencies within the 
; theory and to increase the accuracy of "the pre- 
dictions of the theory, in spite of the fact that the 
structure of ; the electron arid its; effects are not 
understood. The results of this development have 
been quite successful. The theoretical predictions 
were in complete agreement with the new experi- 
ments. Th e confidence in the fundamental concepts 

1 W. E. Lamb, Jr., and R. C. Retherford, Phys. Rev. 72, 
241 (1947). 

* Nafe, Nelson, and Rabi, Phys. Rev. 71, 914 (1497). Nagel, 
■ Julian, and Zacharias, Phys. Rev. .72, 971 (1947). P. Kusch 
and H. M. Foley, Phys. Rev. 72, 1256 (1947). 
; *This development started at a conference of theoretical 
Physicists in June, 1947, on Shelter Island, New York, spon- 
v sored by the National Academy of Sciences. The same de- 
velopment has been carried out completely independently by 
'"TiF rOUO of Japanese physicists around Professor Tomonaga. 
X" e f 9 ,lowin & papers have been published so far: S. Tomonaga, 
£rog. Theor. Phys. 1, 27 (1946); Koba, Tati, and Tomonaga, 
Prog. Theor. Phys. 2, 101, 198 (1947); S. Kanesawa and S. 
Tomonaga, Prog. Theor. Phys. 3, 1 (1948); S. Tomonaga, 
/Phys. Rev. 74, 224 (1948); H. A. Bethe, Phys. Re v. 72. 339 
.0942); H. W. Lewis, PhysT-Rev." 73, 173 (1944); H? A. 
,;^ramers, Solvay Report, 1948. J. Schwinger, Phys. Rev. 73, 
415 (1948); Phys. Rev. 74. 1439 (1948); Phys. Rev. 75, 651 
. U949). R. P. Feynman, Phys. Rev. 74, 939, 1430 (1948). 
f- J. Dyson, Phys. Rev. 73, 617 (1948); Phys. Rev. 75, 486 
0949). N. M. Kroll and W. Lamb, Phys. Rev. 75, 388(1949); 
T. Wei ton, Phys. Rev. 74, 1157 (1948); J. B. French and V. 
. F. Weisskopf, Phys. Rev. 75, 1240 (1949). 



of "quantum electrodynamics" was greatly en- 
hanced. 

It is attempted in this article to present an ac- 
count of this new development in a form which, 
I hope, is understandable to the physicist who is 
riot specialized in this field. Only a qualitative and 
very incomplete picture of the underlying problems 
can be given. It seemed advisable not to restrict 
this report to the newest achievements, but to 
recapitulate shortly the development of our ideas 
about the electron beginning with H. A. Lorentz's 
classical electron theory and including the theory 
of the positron. The significance of the present 
problems cannot be evaluated without referring 
to the most important steps in this development. 

I. THE CLASSICAL ELECTRON THEORY 

There was hardly any other discovery which led 
to the understanding of so many and varied phe- 
nomena as the discovery of the electron. 
. . Many topics which- were thought to be unrelated, 
as optics, electricity, and chemistry,' were under- 
stood by the same fundamental mechanism on the 
basis of the electron theory. It was mainly H. A. 
Lorentz who brought the classical electron theory 
into a consistent frame. These were his funda- 
mental assumptions : The electron is an elementary 
particle with a charge e and a mass m \ the motion 
of the electrons is determined by classical me- 
chanics if the force acting on the electron is given 
by the expression: 

F=eS+(e/c)(vX3C), 

where e and v are the charge and velocity of the 
electron and 6 and 3C are the electric and magnetic 
. field strengths. The electromagnetic field in turn 
is given by the Maxwell equations 

(i/Oicae/ao-curtoc-M, div6=4x P; 
(i/c)(ajc/ao+curie=o, divjc=o ; : 

The sources of the field strengths are the charge 
density p and a current density i, which are pro- 
duced by the electrons. 

In most cases it is possible to consider the elec- 
tron as a point charge. The field created by the 
electron can then be expressed in a simple manner. 
We quote only one trivial example: an electron at 
rest is surrounded by an electric field 



(1) 
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where r is the distance from the electron. The ex- 
pressions for the field surrounding an electron in 
motion are somewhat more complicated. ~ 

Some additional assumptions had to be made re- 
garding the conditions under which electrons move 
in matter: Lorentz assumed that there are several 
electrons in each atom, which are elastically bouh,d 
to an equilibrium position and thus are able to per- 
form harmonic vibrations with given frequencies. 
In electric conductors additional electrons were 
assumed to move freely about With these funda- 
mental theoretical tools it was possible to explain 
a great number of phenomena, as for example, the 
absorption, scattering, and refraction of light by 
matter, the Zeeman effect, the optical properties 
of metals for infra-red radiation and many more. 
In many cases the explanation was only quali- 
tative. Some of the detailed features were not 
understood. The main assumption of the elastic 
binding of electrons within atoms was unexplained, 
especially in view of the planetary structure of the 
atom. The frequencies of the electron within the 
atom were neither understood nor determined by 
the theory. 

Lorentz also investigated another fundamental 
problem : How far is it possible to consider the 
electron as a point charge? He was forced to make 
some assumptions about the internal structure of 
the electron in order to apply the electrodynamic 
equations within the electron. We quote from his 
book The Theory of the Electron: "While I am speak- 
ing so boldly of what goes on in the interior of an 
electron, as if- T had been able to look into these 
small particles, I fear one will feel inclined to think 
I had better not try to enter into all these details. 
My excuse must be, that one can scarcely refrain 
from doing so, if one wishes to have a perfectly 
definite system of equations, moreover, as we shall 
see later on, our experiments can really teach us 
something about the dimensions of the electrons. 
In the second place, it may be observed that in 
those cases, in which the internal state of the elec- 
trons can make itself felt, speculations like those we 
have now entered upon, are at all events interesting, 
be they right or wrong, whereas they are harmless . 
as soon as we may consider the internal state as a. 
matter of little importance." •" ' 

The main point of interest in the question of the 
structure of the electron can be formulated very 
simply today, since the equivalence of mass and 
energy has become common place: the total energy 
E ti of the electrostatic field (1) of the electron is 
given by . 



2.i = (1/8*) J 



where the integration is extended over the whole 
space. 6 is given by (1) outside of the electron, but 



(1) is, of course, no longer valid "inside" the elec- 
tron; it is convenient to assume that the charge of 
the electron is concentrated on the surface of a 
sphere with the radius a. In this case E would 
vanish inside and we would get: 



E, t =(e*/2) j {dr/r*) = e*/2a. 



(2) 



Any other assumption as to the charge distribution 
does not change the general character of (2) : the 
energy of the electric field depends critically upon 
the radius of the electron. It necessarily con- 
tributes to the mass m of the electron, and we obtain 
from the Einstein relation 

m = m Q + (£, ,/c 2 ) = m 0 + (e 2 /2c*a) , 

where ra 0 is the "mechanical" mass of the elec- 
tron," by which we understand all contributions to 
the mass which are not of electromagnetic origin; • 
Since the total mass m is known experimentally, 
there is a lower limit for the radius, corresponding 
to the assumption that all the mass is of electric 
origin (we exclude the rather artificial choice of a 
negative value for mo) : _\ 



(3): 



The electron radius is at least as large as r 0 which 
is usually called "the classical electron radius."] 
Thus we are forced to abandon the notion of a 
exact point charge. 

Lorentz, Abraham, and Poincare have stucfied 
at length the consequences of this new picture. It 
is not of very great interest to discus$ the detailed 
consequences of the assumption of a finite classical 
electron. Later developments have brought into the 
picture new features which -completely overshadow 
these classical considerations. 

One point should be mentioned, however. At what 
energy should one expect in the classical theory 
the radius of the electron to change significantly 
the results expected with a point electron? It is 
easy to see thatscattering cross sections of electrons 
by electrons, cf r of electrons by equal charges (as v :; 
protons), should be influenced if the energy is high : .. 
enough, so that, the particles could approach to. . * 1 
distances smaller than a. This would happen at 
energies larger than 2 mc l , that is, larger than one - 
Mev. One may remark that the physicists of that* 
time would have been. very much surprised if they 7 
had been able to perform these experiments. In-. 
stead of finding an effect of the finite extension of 5 
the electron, they would have observed the crea- 
tion of electron-positron pairs. The fundamental 
connection of the pair creation with the problem of - ; 
the structure of the electron will be discussed later 
in this article. 
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The problems of the structure of the electron 
were soon removed from the fpcus of interest, by 
the successful development of the quantum theory 
of the electron. The discovery of the quantum of 
action, Bohr's theory of the quantum orbits in 
the atom, and the duality of wave and particle 
properties of the electron, led eventually to the 
development of quantum mechanics. A new inter- 
pretation of the mechanical concepts of momentum, 
energy, position, and velocity was introduced to 
describe consistently the facts that appear to be 
contradictory as, for example, the wave and par- 
ticle properties of the electron, or the stability 
against collisions of planetary orbits in atoms. The 
new theory is best known in the mathematical form 
of the Schroedinger wave equation. 

The success of quantum mechanics was over- 
whelming. Many unsolved problems of classical 
electron theory were solved. One can now under- 
stand and calculate the resonance frequencies of 
atoms, the stability of electron orbits, and many 
other facts which cannot be explained in classical 
mechanics. There is scarcely any phenomenon 
within the realm of atoms and molecules which, at 
least in principle, cannot be accounted for by . 
quantum-mechanical description; It is worth while 
to point out that the quantum theory of the elec- 
tron could explain all forces between atoms, mole- - 
cules and .electrons .as purely electromagnetic 
phenomena." 

Quantum mechanics can answer all questions as 
to the behavior of the electron (or other particles) 
in electromagnetic fields, if these fields are given 
as functions of space and time. Most of the prob- 
lems in atomic physics can be put into this form by 
askings How does the electron move in an electric 
or magnetic field of a well defined character? Diffi- 
culties do arise, however, if the question, "What 
fields are created by the moving charges them--* 
selves?," is asked: For example, it could not be 1 
explained by the theory in this stage that an atom I 
in its ground state c^Qgsnotradiate light, in spite ■ 
of the fact that charges are in rapid motion. . 

Nevertheless, it. was possible „to construct a 
number of unambiguous rules to calculate the 
radiation of atomic systems. This was done by 
means of two principles. One is the light quantum . 
hypothesis: light of frequency v can only be emitted 
and absorbed in quanta of an energy hv.\ Thus its *■- 
emission or absorption must be accompanied by a 
transition from one quantum state to another, 
whose energy difference is hv. The other is the cor- 
respondence principle: Quantum states of very high 
excitation show the same mechanical properties as " 

t Here, and in what follows, we understand by p the fre- 
quency in 2x seconds, and by h the magnitude usually referred 
"to as A. A= 1.04X 10~* g cm 1 sec -> 



one would obtain from a classical calculation of the 
same problem. Their radiation should then also be 
equal to the one which is calculated classically. It 
was possible to derive, rules from these two prin- 
ciples with which one could calculate successfully 
emission, absorption and scattering of light by 
atomic systems. If the wave-length of light is large 
compared to the dimensions, a system in a quantum 
state n is, in many respects, equivalent to an as- 
sembly of classical electric oscillators with fre- 
quencies given by 

hv nk = (E n —Ek) t " 

where k is some pther state of the system. The 
effective charge c of these pscillators is given by 
« 5 = e*f n k where /„ m is the so-called oscillator strength : 



fnk={2m/h)v nk 



|JV> 



(4) 



where the integral represents the matrix element 
of t between the states n and k. 

The problem of the structure of the electron does 
not enter into this theory. The theory admits the 
construction of an electronic wave packet with 
arbitrarily small diameter, even smaller than a if 
only wave-lengths smaller than a , are used. The 
difficulty arising from the field created by such a 
packet did not _arise since Ae creation of fields, by. 
qua : ritum : mec^ yet Clearly 

defined/ ' " v";".- . * ■■- 

It is worth while mentioning, however, that it is 
no longer possible to measure effects of an. electron 
radius a = r 0 by having two electrons collide with 
an energy of the order mc 1 . The wave-length corre- 
sponding to this energy is K/mc\ which is much 
larger than r> Thus it is im possible^ t that energy 
to locate the electron better than within h/mc. 
During a collision their average distance will be 
h/mc, and they practically never will be within a 
distance comparable with the radius. 

HI. THE RELATIVISTIC WAVE EQUATION AND 
QUANTUM ELECTRODYNAMICS 

. The quantum theory of the electron needed im- 
provement in two directions : it needed a generaliza- 
tion for. high energies in conformity with the theory 
of relativity and it needed a consistent treatment 
of the. interaction of matter with radiation. It was 
Dirac who initiated both steps. He was able to 
devise a wave equation for the electron which, 
fulfilled the relativistic requirements. He made use 
of the fact that the electron has an intrinsic spin 
moment whose state, much like the polarization of 
light, can always be described as a superposition 
of a spin parallel and opposite a given direction of 
reference. Thus, the electron wave had to be con- 
sidered as a "spinor" wave with two components 
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corresponding to the two spin directions. Dirac has 
shown that, for a relativistic wave equation, one 
has to introduce two more components which; for 
low velocities, are very much smaller than the 
others. An electron wave is fully described by giving, 
all four components. Dirac* s relativistic wave equa- 
tion determines the mechanics of this four-com- 
ponent waveL For idw kinetic energies (small com-, 
pared to mc*) two of the components become 
very small ; the two large ones are themselves 
solutions of the non-relativistic (Schroedinger) wave 
equations, each of them corresponding to one of 
the two directions of the spin. 

The non-relativistic theory had to ascribe arbi- 
trarily a magnetic moment p to the spin, whose 
value it took from the experimental results. Dirac's 
relativistic equation- contains implicitly an inter- 
action of the spin with a magnetic field. The re- 
sulting magnetic moment of the electron p = eh/2mc 
is in almost exact agreement with the experiment. 
The relativistic wave equation of the electron 
I exhibits, however, several fundamentally uriac- 
ceptable features. The equation admits solutions 
which correspond to states of a particle with nega- 
tive rest mass. The kinetic energy in these states is 
negative ; the particle moves opposite to the motion 
in. ordinary states. For example: a particle of ele<>.. 
tronic.charge is repelled by the field of a proton., 
. These states are; of course, not realized in" nature 
and the most obvious trouble comes from the fact 
that their energy is negative and 4 therefore, below 
the energy of the actual lowest state with positive 
rest mass. There should be radiative transitions 
with the emission of light quanta from the regular 
states to the irregular ones. -No regular state could 
be stable since there are an infinite number of 
states of negative energy to which it could go with 
the emission of a suitable quantum of light. 

These states cannot be excluded simply by 
stating that they do not exist in nature. T ne ; 
regular states alone are not what one calls a com- 
plete set of solutions. Physically speaking, if by a 
certain measurement the electron is put into some 
arbitrary state, it will very probably be a combina- 
tion, of states containing some of the irregular ones. 
Especially if an electron is localized in a region 
smaller than the Compton 1 'wave-length" \ e —h/mc t 
the states of negative mass will be strongly rep- 
resented. 

We now proceed to Dirac's treatment of the 
radiation. In order to describe in a consistent way 
the interaction between matter and radiation, it is 
necessary to "quantize" not only the motion of the 
material particles, but also- the electromagnetic 
field. We understand by "quantizing," the con- 
sistent application of certain rules, which led from 
classical mechanics to quantum mechanics. It is 
relatively simple to apply these rules to the electro- 



magnetic field in an empty space. The field can be 
decomposed into its "Fourier components;" it can 
be thdught as a superposition of monochromatic ", 
waves. Each of these waves has dynamical prop- 
erties very much like those of a harmonic oscillator; 
Thus the "quantization" of the electromagnetic 
field is equivalent to the quantization of a set of ; 
harmonic oscillators and, hence, the energy in one 
monochromaticwave can change only by multiples 
of hv. Thus electromagnetic energy of a frequency 
v must appear always in portions of the size hv.J 
This is the light quantum hypothesis. A further 
important consequence is the zero-point fluctua- 
tions: a harmonic oscillator in its state of lowest 
energy still has a finite amplitude of vibration. 
Applying this to the electromagnetic field, we con- 
clude that even in the state of lowest energy the 
electromagnetic vibrations in space are not zero. 
The state of lowest energy is the state in which 
no light quanta are present. Hence, in this state the 
mean squares of the field strengths do not vanish. 

We now give an estimate of the strength of the 
field fluctuations averaged over a volume V of 
linear dimensions a : 7= a 8 . The amplitude B. of the ' 
zero-point oscillation of an oscillator of frequency 
v is given, by B^{h/2mv)*\ it corresponds to a ., 
vibration with an energy .hv/2. The main contribu- 
tion to the" field . fluctuations in the. volume.,, a 1 j 
comes from waves of a wave-length X== c/ j/~d.tThe" 
amplitude should correspond to an energy of hv/2, ' 
one-half light quantum. Now (\/±Tr)(V)*& % is the 
field energy content in a 3 ; this must be put equal 
to hv/2 = kc/2a, so that we get approximately . 

' (5) 



f lucl. ' 



It is larger, the smaller the volume chosen. 

The interaction between light and matter can 
now be described as an interaction between two 
quantized systems: the electromagnetic field, on 
one hand, and the electron in the atoms, on the 
other. Such interaction can be treated by the cur- 
rent methods of quantum mechanics. The inter- 
action energy is given by the classical expression; , 




(i-A)dv, 



where i is the current density in the atom and A: 
is the. vector potential in the field." The integral is 
taken over ttie space. The two variables i and A . 
are now physical magnitudes, which must be dealt 
with according to the rules of quantum mechanics. 
Dirac has shown that by this method absorption, 
emission, and .scattering of light can be calculated 
and tnat tKe'resuIt is equal to the one which was 
obtained by the correspondence principle. The 

J We use here the term "wave-length" for the length X which 
is l/2ir times the conventional wave-length. 
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emission "of light in a transition from the state n 
to the state ft, for example, in this theory is de- 
ascribed in the following way. At a given time, say 
*; * = 0, the emitting atom is in an excited state n 
all aectromagnetic vibrations are "in their 
; ground states. Because of the interaction, the ex- 
citation energy En— E k goes over into one of the 
Vibrations; it must, of course, be a vibration whose 
.frequency fulfills the condition The 
^probability P that after a time / the excitation 
i energy ha^gone into the field turns out to have .an 
: -exponent^ tirriedependence:P = l — er Tt * r is then 
the .emission probability per unit time. The value 
: of T is given by . •• *'••" 

r = (2e J F Bt V3mc , )/ni, 

in conformity with the probability of radiation of an 
oscillator with the strength /„*, as defined in (4). 
- Dirac's quantum electrodynamics gave a more 
consistent derivation of. the results of the corre- 
spondence principle, but it also brought about a 
-number of new and serious difficulties. The struc- 
ture and size of the electron appeared again in the 
theory. The trouble arose from the interaction with 
/ the electron of the zero-point fluctuations of the 
field.; Let us consider a free electron under the 
. influence of an oscillatory field strength 6 = 606**': 
v Jt performs, forced oscillations of frequency, v 
t with k displacement % The average square <x,% 
■^ 6f this displacement and the "average square of the 
£ velocity {z,*)* of a fre£ electron are given by 

■ <x.%=M^oVwV), <x% = §(c J SoVmV)- (6). 

The kinetic energy of the electron in these oscilla- 
tions is . 

;V / , -V E > = §™<*'% = e>Z<ft*/4mc\ ■ (6a) 
where X is the wave-length belonging to the fre- 
quency r. Hence, the "zero-point oscillations of the 
field contribute to the electron a certain amount of 
energy. Let us assume for a moment that the elec- 
tron is- a sphere with a radius a. Then only waves 
with a wave-length X>a will act upon the electron ; 
the ones with X»a are not very important, so that 

; .we are allowed to put in (6a) X=a. If we then enter 
the value (5) for <6o*)a, over a volume a*, we obtain 
for the energy E /t of the electron due to the zero- 

\:poiht field fluctuations: .... 

Z \ . - E f i^e 2 h/^mcd\ (7) 

. In a more accurate calculation we start with ex- 
:* pression (6), which gives the effects on the electron 
j induced by an oscillatory field strength of ampli- 
"i:..tude '6o"and frequency r. In order to calculate. 
' the value of Co* for the zero-point oscillations, 
we include the "electromagnetic field and the elec- 
tron into a big volume Q. The zero-point amplitude 
. Coe 1 '' of one proper vibration can be calculated by 



putting the total energy of the oscillation equal to: 

(1/8*0 J(6*+3C l )it; : = (1/8^)60^ " ^ 

= ftp/2; 6 0 l =4xftp/Q. 

We use the well-known formula that there are 

. 2(v)ip=Q(^/irV)^ 

proper vibrations in the frequency interval dv. 
Since the zero-point oscillations of different fre- 
quencies are statistically independent, their con- 
tributions to the average square of the displace- 
ment arid of the velocity add up and we get for the 
total of these magnitudes: 

f(x,%z(y)dy={2^h/7rmV) j (dv/p), (8) 



<x 2 >*=(2c J A/>rmV) 



Jvdv 



(9) 



The integrals are extended between a lower 
limit vo and infinity. The frequency vo depends on 
the state of binding of the electron. ftv 0 is of the 
order of the binding energy. If the frequency of the 
field oscillations falls below the frequency v 0t the 
electron can no longer be considered as free and (6) 
is hp longer valid. The resulting effect is equivalent 
to ah brhissioh of the frequencies below vo. 

Both expressions (8) and (9) lead to infinite re 
suits. This, is especially troublesome in the case 
the velocity square because it gives rise also to an 
infinite kinetic energy E/t of the electron due 
the zero-point fluctuations: " 



51 

an / • 
to J 



E ll =(m/2)(i?)>={t*h/-rmc*) f vdv 



(10) 



This expression contains a quadra tically diver- 
gent integral. Since this energy is an inseparable 
part of the total energy of an electron, it must 
appear as part of its mass energy mc\ In order to 
^keep the mass finite, one therefore is forced to 
assume some structural properties of the electron 
which prevent the interaction with high frequencies 
of the field. We can do this by introducing an 
upper limit r mftX to the interaction which cutis off 
the integral in (10) at that limit. The fluctuation 
energy assumes the form 



(7a) 



and we can determine 'an upper bound for p mt * by 
setting Eft equal to mc 1 : 

ftw<(2irk/e t ) »mc*«15 Mev. (7b) 

This would remove the interaction with an electron 
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at rest of a quantum of an energy >15 Mev, a 
rather improbable result The introduction of v max 
is equivalent to the assumption of an electron radius 
a = c/p mQX> which shows the equivalence of (7) and 
(7a). Equation (7b) gives rise to a value of a» 
(hc/e 3 )^, which is larger than the classical limit (3). 
Thus the fluctuation energy seemingly pushes the 
electron radius to even greater values than the one 
which we obtained from the energy of the electro- 
static field. It should be noted, however ^ that in 
interactions with light of an energy of more than 
2mc\ the irregular solutions, with negative mass 
play an essential role. Thus the significance of 
these states will have an essential bearing upon 
the problem of the self-energy of the electron. 

Dirac's two generalizations of quantum me- 
chanics, the relativistic wave equation and the 
quantum electrodynamics, were very successful in 
some respects: the explanation of the magnetic 
moment of the electron, the derivation of the 
Sorrimerfeld fine structure formula, and the con- 
sistent derivation of the expressions for the ab- 
sorption, emission, and scattering of light. Two 
fundamental difficulties were introduced simul- 
taneously: 

(1) The existence of states of the electron of 
negative mass. They cause ah instability of a normal _ 
bound state by the emission of a quantum^ of high 
energy and subsequent transitions into a state of 
negative mass. Thus, the "normal", states of the 
electron have a very strong "resonance'' inter- 
action with light quanta of high energy. 

(2) The quantization of the electromagnetic field 
introduces infinite fluctuations of the electron. In 
order to keep their contribution to the energy within 
the observed mass energy value, the interaction of 
the electron with light quanta of an energy hv 
>(137mc 2 )* would have to be basically altered. It 
will be shown in the next section that the positron . 
theory removed the first difficulty and completely 
changes the aspect of the second. 

* • 

IV. THE POSITRON THEORY 

The phenomenon of creation of a positron and 
an electron by a light quantum introduces a new- 
aspect into, the theory, of the electron. The funda- 
mental process can be described as foiitfws: a light 
quantum of an energy larger than 2mc % (1 Mev) 
can be absorbed by the empty space, in the pres- 
ence of. strong electric fields. The energy is then 
transformed into a pair consisting of a positive and 
a negative electron. . : 

Two outstanding facts are shown in this phe- 
nomenon: the existence of a positive electron, and 
the fact that the vacuum has physical properties, 
which enables it to absorb light and to produce 
electrons. Hence, the physical description of the 



vacuum is bound to be more complicated than 
hitherto and must contain the latent electron pairs 
which can be created. _ 

It was again Dirac who, turning a vice into a 
virtue, used the un acceptable states o f negative 
mass for the des cription of the vacuumTA reinter- 
pretation of these states giv€s an almost perfect 
description of the vacuum and the existence of 
positrons: the states of negative mass correspond 
in some respects to the states of a particle of 
opposite charge since they move in opposite direc- 
tions in any electromagnetic field.. They are, how- 
ever, still unacceptable because of their negative 
kinetic energy. The reinterpretation which removes 
this difficulty can be formulated as follows: Ac- 
cording to the Pauli exclusion principle, any state 
can be either occupied by one single electron, or 
unoccupied. The occupation of a state of energy E { 
increases the total energy of the system by the 
amount E t -, the removal of an electron from the. 
state decreases the total energy by Dirac's re- 
interpretation of the states of negative mass con- 
sists in the exchange of "occupation" and "re- 
moval." We decide to call an occupied state of 
negative mass "empty" and an empty state 
"occupied." The transition from "empty" to "occu- 
pied" is then connected with an energy change of. 
— Since £» is negative itself, the energy actually 
increases by + \E%\'. The trouble with the negative 
energy is thus removed. 

The vacuum can then be described formally by 
assuming that all states of negative mass are.occu'-. 
pied by electrons. They are hot "actually" occupied, 
because of our reinterpretation, so that one need 
not be bothered by the infinite charge density 
which one would get if all states of negative mass 
were really occupied. The wave functions, which 
represent the absence of positrons are the same func- 
tions which would have represented the presence of 
electrons of negative mass. It is a new feature that 
the "absence" of a particle is described by a wave 
function. This is, however, an. expression of the 
fact that the vacuum has the physical properties ; 
described above; it is filled with latent electrons. " 

This reinterpretation removes at once the diffi-. 
cul ty ; which the states of negative . mass" have- 
introduced. Since in the yacuurh these states are. : 
occupied, no electron in the regular states can jump 
into them. Thus the regular states are no longer 
unstable against decay into the irregular ones... 
They no longer are in "resonance" interaction with 
arbitrarily high light quanta. 

The pair creation is then described as follows: a ; 
light quantum produces a transition from an occu- : 
pied state, of negative mass to a state of positive 
mass. The result is an electron in a state of positive 
mass and an unoccupied state of negative mass. ' 
The latter must be interpreted as an occupied state 
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of a positron with positive mass. Thus the light 
quantum has created two particles positive and 
negative with positive mass. /. " 

.Such transition. can only occur in the presence 
of external fields! Without those "fields energy.and 
momentum cannot be conserved. The transition 
probability can be calculated and the results repro- 
duce excellently the experimental material. The 
opposite process is the annihilation of a positive 
and a negative electron, with the emission of either 
one quantum in an electric field or of two quanta 
in the field-free space. It can be described by our 
picture as. the transition bf the electron into the 

"unoccupied" state by which the positron is repre- 
sented. This transition is accompanied by the emis- 
sion of light quanta. 

The new aspect of the vacuum has a decisive 
effect upon the problem of the self -energy of the 
electron. The properties of the vacuum with re- 
spect to the electrons are now, in some aspects, 
analogous to itk properties in respect to the electro- 
magnetic fields There exist also zero-point fluctua- 
tions of the electric charge and the electric current 
in the vacuum. These fluctuations are very small 
when averaged over a volume of a size larger than 
the Comptori "wave-length" X e = h/mc. They repre- 
sent the latent electron pairs which, by means of 
light^quanta, could be brought into real existence. 

. ; . ; Let us now consider the; properties of the "vac- 

..uum" in the neighborhood of an actual electron. 
There will be an interaction between this electron 
and the latent charges, mainly because of the Pauli 
exclusion principle. According to this principle, 
electrons tend to keep distance from one another. 
Two electrons (of equal spin) do not come nearer 

7 than a distance d which is determined by their 
relative momen turn p: d'—h/p. (They must not* be 
in the same cell of the. phase space.) The presence 
of one actual electron in the vacuum introduces 
some changes in the "charge distribution" of the 
vacuum. This charge distribution would be zero on 

. the average if undisturbed. The wave functions 
which represent the electrons of negative mass are 
slightly removed from the place of the actual elec- 
tron. This change of charge distribution, compared 
to the undisturbed vacuum, appears as an addition 
to the "actual", electron. This manifests itself in 

" form of a spread in the charge distribution of an 
electron, since the vacuum electrons are slightly 
pushed away from the actual electron. The calcula- 
tion shows that this spread is enough to change the 
classical electrostatic self-energy to (e ? /Ac)mc J 

/log(X e ia). Here a is the "radius" of the electron, or, 

...as a better definition, a is a limit of wave-length so 
that fields with X <a are no longer assumed to inter- 
act with the electron. 

The effects of the zero-point field oscillations are 
even more drastically changed by our new concept 



of the vacuum. This comes from the fact that the 
field oscillations also interact with the latent elec- 
tron pairs in the vacuum. -As long as their fre- : 
quency is much smaller than 2mc*fh (the minimum 
frequency of pair creation), the "vacuum" is very 
little influenced, and the old calculation (6) of the 
displacement (x r % and the velocity (i,*)* are still 
valid. For frequencies higher than 2mc J /A, how- 
ever, the field oscillations have a strong effect on 
.the latent electron pairs and the induced charge 
arid current fluctuations in the vacuum interfere 
with the induced fluctuation of the electron itself. 
This interference is destructive and reduces to 
some extent values of the induced displacement arid 
velocity. The reduction can be roughly approxi- 
mated in its main features by a factor {m^/hv) 1 to 
the expressions (6) for hv>2mc x \ 

£'7r 'W^Jrl^^or h,>2mc*. (6') 

(x,% = |(e J eo l /w^)(mcVAp) J J. 

This effect is difficult to explain in qualitative 
language. It is connected with the Pauli exclusion 
• principle, according to which electron have a 
tendency to keep apart from one another. Thus . 
the charge and current fluctuations of the vacuum 
in the neighborhood of the electron tend to be in 
opposite phase to the fluctuations of the electron 
itself and therefore cause the destructive inter- 
ference, " ". .*■■•" ' 
' These effects represent a definite improvement. 
The average displacement (x% does ho longer lead 
to infinities. The divergent integral hi. (8) con- 
verges now because of the reduced coritributicm 
«>') of the frequencies above 2mc J /A, and we obtain 

<x%= (2eV^mV)logC/^cVAF 0 ) > (H) 

where / is a factor of the order unity, which can be 
determined if the effect of the higher frequencies is 
exactly taken into account. The average . velocity . 
square (9) is still i nfinite but the j ivergence is only 
logarithmic. We get from (60: """^ 

(2e l A/W<^ J vdv 

. +{mcyhY f (dy/y)\ 

The fluctuation energy £/i = (m/2)(i J )te is reduced 
to E/r=(eyxAc)mcHog(/fcv m «/w^ where / is a* 
numerical factor and v m « the cut-off frequency. In 
order to keep this energy below the total mass 
. energy mc 7 of the electron, it is now sufficient to 
keep a — c/v m%1L larger than .(A/mc)expt~~ (^A?)D- 
.This lower limit is very much smaller than any 
length considered so far. It is no longer necessary to 
tamper with the interaction of the electron with 
light quanta of an energy of a few Mev. It is still 
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unsatisfactory, of course, that the limit cannot be I 
chosen to be infinity without obtaining infinite n 
self-energies; thus the internal structure of- the r 
electron will appear somewhere in the theory. How- . 
ever, some changes in the interaction between light 
and matter are certain to occur at very high 
energy values where we have good reason to. expect 
the appearance of new phenomena (nuclear or 

meson type). •'• • . . „ c 

So far we have discussed the influence of an 
actual electron on the vacuum due to the Pauh- 
excliision principle. There is also, an influence, . 
although weaker, in the form of a displacement ot 
the vacuum electrons due to electric interaction. 
It is easier to describe this effect, not for an actual 
electron, but for a proton, which is embedded in the 
vacuum. The wave functions of the states of nega- 
tive mass are all deformed because of the presence 
of the proton. Since the vacuum is described by 
the undeformed states, the difference between the 
deformed and undeformed ones should give rise to 
an actual charge density. This is called the polariza- 
tion of the vacuum by an external charge (the 
proton). . . . 

The proton induces a charge density p< m tne 
vacuum.. The calculation shows that p<(r) as func- 
tion of the location r has % following form : 

P,(r)=ylpo(r)+ jG(r^-r')po(r')dr'. (12) 



n- 

he^ 



Here po(r) is the external charge density; m pur 
■ case, po is the charge density of the proton. A is a 
constant and G(r-rO is a function of the distance ; 
between the points r and rVThe integral is ex- 
tended over all. points t*. The expression for the, 
induced charge consists of two parts : the first term 
is exactly proportional to the inducing charge 
density p 0 ; the second part is an effect at a distance. 
According to this term a point charge at r = 0 (hke 
a proton) would give rise to a charge distribution 
G(r). G(r) is different from zero only over distances 
up to the Compton wave-length X e . The effect is 
the same as if the dielectric coefficient of the 
vacuum was different from unity by about 1/137 
over a region of the order Xc. It is important to. note; 
that the first part is un observable in principle. Its; 
effect is undistinguishable from the original charge 
density po, since it is always induced by it What is 
actually measured in nature as the charge of the 
proton would not be e t but (l+A)e. It thus repre- 
sents nothing but a renormalization of the charge. 
• The second term only has physical significance. . 
There is" one serious difficulty with this inter-.: 
pretation: the factor A turns out to be logarithmi- 
cally infinite: A~(e>/hc)\6g(\</o) if the "cut-off 
radius a is put equal to zero. This would mean that 
the external charge po of the proton induces a 



charge in the vacuum at the same place, which - : 
changes its value by an infinite amount. It is true 
that this change is in itself unobservable, since one-.-r; 
always observes the total charge, external plus^ 
induced, in nature. However, the fact that the in-V 
duced charge is infinite for o = 0 represents a serious | 
difficulty of the theory, h 
- The vacuum is polarized not only by a proton 
but also by an electron. The situation is somewhat,;; 
more complicated in this case because of exchange; - „ 
phenomena between the electron and the vacuum 
electrons. The fact remains, however that the 
electron, if considered as a point (o = 0) also in- 
duces a charge in the vacuum which adds an in- 
finite contribution to its original charge. Thus the 
internal structure of the electron is relevant not 
only for its mass but also for its charge. ^ 
One can make these infinite additions finite 
without changing the second term in (12) by arbi- 
trarily removing the interaction of the field with, 
electrons whose wave-length is smaller than a.. 
Here, as in the self-energy, the infinity comes from.. 
. the interaction at very high energies, and there is 
hope that a future theory will change this inter-- 
action so that the constant A remains finite and 

S Tn spite of these difficulties, the theory of the ^ 
positron can be regarded as a big step forward in & 
6ur understanding of the electron: By means ; of ^ 
Dirac's ^interpretation of the states of negative - 
■ mass it was possible to explain the new phenomena ~ 
of pair creation and annihilation and to remove - 
several fundamental difficulties of the Dirac.. 

equation: - " . a- ' 

(1) The radiative transitions from the ordinary 
states into states of negative mass are removed • : 

(2) The fluctuation energy is much less sensitive, 
to the structure of the electron because of its,; 
logarithmic dependence on the electron radius. - , 

(3) The average square displacement of ™-. e !?v., 
tron by the field fluctuations is finite and inde-, 
pendent of the radius or the structure, ' 



V THE EXPERIMENTAL TEST. OF . 
'QUANTUM ELECTRODYNAMICS 



The quantization of the electromagnetic field sM? 
far has not brought much reward. It is true that % 
made it" possible to derive the expressions for thfe 
- absorption, emission, and scattering of light, whicj| 
before were based only upon a recipe contrived bp 
means of the correspondence principle.. On tn^ 
. other hand, new. difficulties came about, all conj 
nected with the zero-point oscillations of the dcr- 
tromagnetic field, and their effect., on the ..sd 
* energy of the electron. Quantum electrodynam* 
has not yet shown its superiority over the correj 
: spondence principle.. On the contrary, .its actual, 
expressions for the electromagnetic phenomena 
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tion is given by The Coulomb field is described 

by the potential energy V(r) = Zct/r, where r is the 

places where it / distance from the nucleus. The average potential 
' energy V in the state n can be written in the form 
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come senseless, since'a consistent interpretation of 
the theory" would force us to put the mass m of the 
electron equal to~ infinity'^at'all 
bcoirs. \ ; j^*^. .* -/'7-1 •"■ 

Encouraged by some ; new experiments, which 
will be discussed later on, a new attempt was made 
recently to find observable effects, which are di- 
rectly connected with the new features introduced 
by quantum eiectrcdynamics. 7 The; main theo- 
retical difficulty consisted in the problem of how * to 
•&parafe charge fro m the 

rest of the th eoryTin o rder to obtain results that 
can be' applied to riature..This was done by isolating 

the expressions for the infinite mass and charge electromagnetic mass is already assumed to be con 
within the theory, in the hope that mass and * «•-■.. »- j ^ u " 

charge will be made finite by a future improvement. 
Such procedure is possible since the self-energy 
terms and the infinite charge come mostly from the 
interaction with very high energy light quanta and 
are, therefore,, largely independent of the state of 
binding of the' electron in fields normally occurring 
in nature. Hence, they can be split off as an addi- 
tional mass and charge of the electron. This has 
been shown already for the charge in the last sec- 
tion by discussing expression (12). The separation 
of the mass" term is mathematically much more 
complicated but can be performed in an analogous 
way. The felatiyistic transformation properties of 
"'the terms ^on^ng in" : Ae' calculation proved to 
- be of great importance for finding an unambiguous 
rule as to what parts of the . expression of the self- 
energy can.be considered as a mass term. It was 
necessary to: reformulate quantum electrodynamics"! 
so that the relativistic in variance oTthe. theory was | 
more explicit than before! This very laborious task I 
peffornied by J. Sch winger and independently \ 



V = fv(r)\* n (r)\'dv, (13) 

where |^*(r)| l is the well-known probability of 
finding the electron at a point r: the integral is ex- 
tended over the volume. This expression must be 
changed in view of the existence of the zero-point 
oscillations; The effect of these oscillations on the 



tatined in the observed electron mass m. There is, 
however, also an influence on the potential energy, 
since the electron is forced to oscillate around the 
position r. It will be shown that this oscillation 
changes the average value of the potential energy 
by a small amount. This change gives rise to a 
shift of the energy levels. 

In order to calculate this change we replace F(r) 
(13) by V{t+t), where x is the zero-point oscil- 

a Taylor expansion 



in 



lation of the electron. We use 
because of the smallness of x.* 

/ r(r+x)-y(r) + grady.x+^K-(x 2 /3), (14) 

where . A7. is the Laplace operation ..on V: -Al ; 
=.[(dV^ J )+(d 2 /^ 2 ) + (dV^2 l )]y. The second term 
is zero in the average, since x is an oscillation. Thus 
"the addition 5£„ to the average potential energy of 
the state n may be written : 



8E, 



-If 



AV(x%\Mr)\>dv. 



by S^Tomahaga. JThe Laplacian of the Coulomb potential is propor- 

There is, however, a small part of the self -energy tional to the charge density po which produces it 



which is not contained in the mass and which is 
due to the interaction with oscillations of lower 
frequencies. This part depends on the external 
conditions and may give rise to a slight shift of 
energy, levels, depending On the conditions of bind- 
; ing, and a slight change in some of the fundamental 
"properties of the electrc-n. It is due mainly to the 
effect, of the displacement x of the electron by the 
zero-pbint oscillations, whose square average <*% 
" turned out tb be'finite and due entirely to. the inter- 



AV=AvepQ, po is the charge density of the nucleus, 
which we approximate by a 6-f unction :** po 
= Ze5(r), where Ze is the charge of the nucleus. 
Hence we obtain for 6E n : 

6E n = (27r/3)Ze^»(0)J l (x%, . (15) 

where |^»(0) |* is the intensity of the wave function 
at the nucleus, and we insert the value (11) which 
we found for (x% into (15) to calculate the level 
shift The frequency p 0 which occurs in (11) de-. 



action with lower frequencies.. This can be "demon- . pe nds on the binding of the electron and is of the 
strated by means of quite elementary calculiations 4 
in a case which corresponds to an actual experi- 
ment, namely, the shift of the levels in hydrogen- 
" like atoms. 

Let us. consider a "stationary state" n of "the 
electron in a Coulomb field, whose wave func- 



order of the Rydberg frequency v B for an electron 
in a hydrogen-like atom. Since vq appears only 
under a logarithm, its exact value is not of great 
importance. It. has been shown by Bethe* that, for 



Owe are followini 
Phys. Rev. 74, 



lowing here a calculation outlinedby T. Welton, 
,1157 (1948). 



* The simple form of the third term in (14) comes from the 
fact that; in the average: (w r )*=0, x* t = x 9 * = x M t = (x)»/3. 

•♦The 5-f unction S{r) is zero everywhere except at r == 0. 
It is normalized such that the volume integral fh(r)dv is 
equal to unity. 



314 



VICTOR F. WE1SSKOPF 



a quantum state n, *o is given by the formula 
, , Z„l Pn^iE^-EJlogl iEv-EJ 1 

165:^0== : : — : : — ~ : » 

where £ n is the energy of the state n and the sums 
are extended over all other, quantum states m. £ n » 
is the matrix element of the momentum between 
the states n and m.*.. 

We observe that |^(0)| 2 vanishes for all states 
except S states (states with" the ^orbital angular 
momentum zero), for which simple relation holds: 

I^WI^Z'lTrPn 8 , (16) 

where Z=A 2 |we 5 is the Bohr radius. Thus the level 
shift vanishes for states with an angular mo- 
mentum different from zero. 

We finally get the level shift for 5 states from 
(IS), (11), and (16). It is practical to express it in 
form of a relative shift by dividing 5£« by the 
energy E n of the level which is given by the Balmer 
relation E n = ZW/ikW:-"' 



5£„/£ ft = (8/37r)(e l /fc:) 8 (^ 2 A)Iog(/mc 2 A^). ..(17) 

The exact calculation for the 2S\ term yields the 
values vo= 18^,/= 1.3. Thus the 5 levels of hydro- 
gen-like atoms should be shifted upwards (5E n is 
positive) by small amounts, relative to the values : 
given by the Sommerfeld formula. This is' a direct - 
effect of the zero-point oscillation and its experi- 
mental verification constitutes a strong support of- 
quantum electrodynamics. 

The polarization of .the* vacuum by the proton 
produces also a shift which has to be added to (16). 
According to the discussions of the last section, the 
only observable effect is a small polarization around: 
the proton of the extension X e . The calculation 
shows that this causes a line shift hEj.i 

6ES/E n =-{&/lS*){e*/hcyZ*/n. (18) 

It amounts to only about 1/40 of the shift 

The most reliable, experiment on the lineshift 
was performed by Lamb and Retherford 1 on hy- 
drogen. According to the Sommerfeld formula the 
2S\ level and the 2P\ level of the hydrogen atom 
should coincide in energy, and the 2P\ level should: 
lie 10,000 megacycles higher. Lamb and Retherford. 
have measured the 2S\ level relative to. the two 
other levels and have found that the 2Sy level is 
. shifted upwards by about 1060 mc, a value which 
is in good agreement with the theoretical formula 
(17). Similar shifts have beeiri found by J. Mack 6 
and Kopfermann and Paul 0 in helium. The present 
" measuremeints "are not ktcu rate enough to prove 
the existence of shifts as small as the one given by 

* J. Mack, Phys. Rev. 73, 1233 (1948). " : : 
0 Kopfermann and Paul, Naturwiss. (1948). 



(18), caused by the polarization of the; vacuum. 
Future experiments will show whether this addi- 
tional effect can be considered as real. 
- Another important result obtained by these 
methods is the correction to the g factor, of the 
electron. According to Dirac's equation, the mag- 
netic moment of the electron /i 0 is equal to 
te/2mc.. The .ratio between this value and the 
mechanical moment h/2 of the electron is g(e/2mc) 
with g = 2, in contrast to the value of this ratio for 
orbital motions in which g = l. If the interaction of 
the electron with the radiation field is properly 
taken into account, one obtains the result that g 
is not accurately equal to 2 but g = 2+^/^ftc. 

Unfortunately, -it is impossible to give a quali- 
tative description of this effect along the lines in 
which the level shift was explained. The spin of 
the electron is in itself a phenomenon which is hot 
amenable to a simple pictorial understanding. A 
way to understand the effect may be found by re- 
membering that the magnetic moment of, the Dirac 
electron is due to circular currents of the radius 
hfmc. The zero-point oscillations of the electro- 
magnetic field influence these currents to a certain 
extent, and so do the current fluctuations induced 
in the "vacuum." These interactions cause the 
slight change of the magnetic moment. The nu- 
merical result i? in excellent agreement with, recent 
~ experimental measurements.*- The magnetic mo- 
ment-of the electron was determined with great 
accuracy from the Zeem an. effect of some fine 
structure" doublets. Although the correction of the 
g factor cannot be understood in simple terms, it 
represents the most important result of quantum 
electrodynamics since it deals with one of the 
fundamental properties of the free electron — its 
magnetic moment. ; . / _ 

The great success in these two instances of the 
quantum-electrodynamical concepts proves that 
the fundamental ideas must contain a great deal of 
truth; The main achievement of the recent de- 
velopment consisted in -finding an unambiguous 
and relativistically invariant way. of separating 
those effects of . the interaction between light and 
electron which can be interpreted as additional 
mass and. charge, from. the. other effects.whiqh give 
rise to observable ^^phenbmena. The additional mass 
and charge are contained in the observed values of 
m and e and can never be observed independently. 
It must not be forgotten, however, that these mag- 
nitudes are still infinite in this theory. This con- 
stitutes a warning that the interaction of the elec- 
tron with light quanta "of very high energy is rjot 
yet understood. Somwhere at very. high energies, 
the infernaf s^cture of the electron must play an 
essential role in a future theory in a way which is 
completely unknown. This structure appears at 
present in the form of the arbitrary length a which 
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.we have introduced as a radius of tie electron in % 
order to make the mass and the charge of the elec- 
tron finite magnitudes. ^ ^V:^i-r v v?. v^ri-\: *".* - - 

r The unpof^ developments lies 

in the recognition of. the following fact: for prob- 
lems dealing with atomic energies only mass and 
charge of the electron are "structure dependent" 
(meaning dependent on the value of a and going 
to infinity if a is chosen zero), whereas all other 
effects, such, as scattering cross sections, energy 
levels, magnetic moments, etc. f< can be calculated 
without making any assumption regarding the 
structure of the electron. 

" There is perhaps some significance in the fact 
that the theory of the electron cannot be brought 
into a completely satisfactory form without intro- 
ducing some new. elements into the theory at high 
energies. It cannot be a pure accident that the 
charge of the proton and of the meson is equal to 
the electronic charge, or that the classical electron 
radius r 0 is almost equal to the range of nuclear 
forces. There must be a connection between quan- 
tum electrodynamics and the future theory of 
mesons and of the nuclear forces, which at present 
exists only in very rudimentary form. The tie 



between these theories should be of importance for 
the electron only "at energies of the order of the 
L meson rest mass or higher. This would be high 
Enough (> 100 Mev) to leave unchanged the re- 
sults of the theory for atomic energies. One may 
hope that the understanding of this tie will solve 
the problem of the electromagnetic mass and of the 
induced charge of the electron. 

In discussing the classical electron theory, we 
remarked that a scattering experiment testing the 
limits of the classical theory would have revealed 
the existence of pbsitrbns, a phenomenon which was 
of fundamental significance for the further de- 
velopment of the theory. An experiment trying to 
test the present theory at* high energies (100 Mev 
and over) will probably give rise to meson pro- 
duction. This is perhaps an indication of the im- 
portant role of the mesons in a future theory of the 
electron. Future experiments with the new ac- 
celerating machines which are now under con- 
struction will reach energies of these critical values. 
It is hoped that the phenomena found by means of 
these new tools will shed new light upon the funda- 
mental problem of the relation between elementary 
particles. 
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